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Abstract— A Frequency Selective Surfaces (FSS) is essentially a 
spatial filter. Compared to a connectorized traditional filter with 
fixed ports, an FSS can separate signals at different frequencies by 
both transmission and reflection. In this paper, we propose an 
approach to design FSSs with high selectivity. This is achieved by 
adding an inductive surface on the other side of a resonant surface.  
The proposed FSS will have both a passband and a stopband.  
Such a response has two advantages. One is that by choosing the 
frequencies properly, the stopband can improve the selectivity of 
the passband significantly, and vice versa. Another advantage is 
that the proposed FSS can operate effectively as a diplexer by 
separating signals at the passband and stopband.  
The center frequency and bandwidth of the passband and 
stopband can be independently designed. The proposed FSS has a 
small element size, low profile and insensitive response to 
surrounding dielectric materials. The proposed design method has 
many potential applications. An FSS has been fabricated and 
tested. Experimental results have validated the proposed theory 
and design method.  
 
Index Terms: Frequency selective surface (FSS), periodic 
structures, artificial magnetic conductor (AMC), filter, diplexer 
I. INTRODUCTION 
requency selective surface (FSSs) are usually constructed by 
patches, slots or arbitrary geometrical structures within a 
metallic screen supported by dielectric materials. 
Characteristics such as the array element type and shape, the 
presence or absence of dielectric slabs, the dielectric substrate 
parameters and inter-element spacing will determine the 
response of the FSS, such as its transfer function, bandwidth, 
and its dependence on the angular wave (incident and 
polarization angles). Early researches with respect to FSSs 
using an infinite planar array [1], a two-layer dipole array [2] or 
metallic mesh structures [3] focus on the theoretical calculation 
of scattering or reflection properties when plane 
electromagnetic waves are incident on the structures. Currently, 
FSSs have been the subject of intense investigations for a wide 
range of applications for decades, such as bandpass filters [4-7] 
and high impedance electromagnetic surfaces [8]. 
An artificial magnetic conductor (AMC) or high impedance 
surface (HIS) consists of an FSS placed above a perfect electric 
conductor (PEC) ground plane, with a dielectric material in 
between [9]. It displays a 0o reflection coefficient phase at a 
given frequency [8]. An AMC can be applied to control the 
propagation of electromagnetic waves in certain patterns. These 
structures can improve the performance of an antenna [8]. It 
exhibits selectivity in suppressing surface waves to improve the 
gain of antennas. A U-slot patch antenna integrated to a 
modified Jerusalem cross FSS was proposed in [10] to improve 
the antenna gain, bandwidth and return loss at 2.45 and 5.8 GHz 
for Bluetooth and WLAN applications. A split-ring shaped slot 
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antenna was integrated to an FSS to enhance the bandwidth and 
gain of the antenna in [11]. 
In general, good selectivity characteristics of FSSs refer to 
the rapid decline of the sideband of the transmission 
coefficients. Many designs have been reported on the 
optimization of selectivity of FSSs [12-17]. Such designs 
include the use of substrate integrated waveguide cavities [12], 
two layers of metallic unit cells [13], a periodic array of 
gridded-triple square loop [14], an identical tripole resonators 
[15] and loop-shaped resonators [16]. The selectivity of FSSs 
can be enhanced by cascading substrate integrated waveguide 
cavities [12]. The coupling between capacitive patches in 
different layers [13] in the FSS can induce a good selection 
feature. A quad-band FSS [14] can be obtained by cascading 
three metallic layers to achieve high selectivity. The aperture-
coupled resonator structure [15] consisting of identical tripole 
resonators also exhibits high selectivity.  
The target of this study is to propose a low-profile FSS design 
that shows high selectivity. This is achieved by adding an 
inductive layer on the other side of a resonant layer. By doing 
so, both a passband and a stopband can be generated. The two 
bands can improve the selectivity of each other. Another 
advantage is that the performance of the FSS is very stable 
when it is attached to other dielectric material.  
An equivalent circuit is derived to analyzed the proposed 
design. With the equivalent circuit, it was demonstrated that the 
center frequency and the bandwidth of the passband and the 
stopband can be synthesized independently. This will provide 
great flexibility for the design. The FSS also have a small 
element size and a low profile. 
 The proposed FSS design has many potential applications. 
The passband and stopband can be designed so that the FSS can 
operate as a diplexer to separate signals at these two bands. This 
is because, for an FSS, both the reflected and the transmitted 
signals can be utilized. While in a traditional filter, usually only 
the transmitted signal is utilizable. The insensitivity to 
surrounding dielectric materials suggests that FSS can be 
potentially used as part of an AMC to improve the gain of RFID 
tag antennas. Such applications will be exploited as future work. 
In this paper, Section II discusses the equivalent circuit of an 
FSS. Section III describes the procedure to design the proposed 
FSS. The experimental setup and measurement results to verify 
the proposed design method are provided in Section IV. 
Conclusions and future work are finally described in Section V. 
II. EQUIVALENT CIRCUIT OF AN FSS 
This section discusses the equivalent circuit of an FSS. In 
general, at least for mechanical and miniaturization reasons, 
most FSSs are supported by dielectric slabs. The dielectric 
materials have strong effect on the bandwidth, resonant 
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frequency and element size. FSSs can be classified to two types 
based on the equivalent circuit: capacitive surfaces and 
inductive surfaces.  It is well known that the equivalent circuit 
for a patch is a shunt capacitor (Cp), and for a mesh is a shunt 
inductor (Li) [3].  
For a mesh-type FSS layer, when it is attached to an infinitely 
wide dielectric material with dielectric constant εr, effect of the 
dielectric material on the FSS can be explained by using the 
equivalent circuits of the FSS and the dielectric slab. The 
approximate value of the intrinsic inductance can be calculated 
using the formula [18] 
 𝐿 = 𝜇𝑜𝜇𝑒 (𝑃 2𝜋)⁄ ln csc (𝜋𝑤 2𝑃⁄ )                             (1) 
where P is the strip length and w is the strip width of the meshes. 
𝜇𝑜  and  𝜇𝑒 denote the permeability of free space and the 
effective relative permeability of the structure, respectively.  
 
 
(a) 
 
(b) 
Fig. 1. Equivalent circuit of an FSS (a) without the inductive layer (b) with 
the inductive layer and also an extra layer of dielectric layer. 
 
The dielectric slab can be represented by a short piece of 
transmission lines h1 as shown in Fig. 1. The characteristic 
impedance of the transmission line is 𝑍𝑑 = 𝑍0 √𝜀𝑟⁄ , where Z0 = 
377 Ω is the free space impedance, and 𝜀𝑟  is the effective 
relative permittivity of the structure.  
For a capacitive patch-type FSS, when it is attached an 
infinitely wide dielectric slab, the equivalent circuit can be 
obtained using a procedure similar to the one for an inductive 
FSS. The approximate value of the corresponding equivalent 
capacitance Cp can be calculated by [18]: 
𝐶𝑝 = 𝜀0𝜀𝑒 (2𝑃 𝜋)⁄ ln csc (𝜋𝑔 2𝑃⁄ )                            (2) 
The capacitance is determined by the patch length P, the gap 
g between adjacent patches and the effective dielectric constant 
ɛe of the structure. 
From (1), it can be noticed that the inductance value of the 
meshes of the FSS is mainly determined by its strip width. An 
increase in strip width of the FSS will result in the inductance 
to be reduced. Similarly, a decrease in the width of the meshes 
will lead to an increase of the inductance. The changes of the 
inductive value of the FSS will significantly affecting its 
characteristic impedance. This will influence the S-parameters 
of the FSS when electromagnetic waves are incident on the FSS 
It can also be observed from above that, when an FSS is 
attached to a dielectric material, the change in the bandwidth 
and resonant frequency can be attributed to two reasons. Firstly 
the dielectric material directly changes the effective dielectric 
constant of the structure and thereby the intrinsic capacitance. 
Secondly, it is because the equivalent circuit for the FSS will be 
changed by adding a series transmission line with a 
characteristic impedance of Zd, as shown in Fig. 1(a). 
 
 
(a)                                                         (b) 
Fig. 2. Structures of (a) the resonant surface and (b) the inductive surface. 
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Fig. 3.  The calculated S-parameters of (a) the original FSS (resonant surface) 
without the inductive layer and (B) the proposed FSS with the inductive layer. 
III. FSS CIRCUIT DESIGN 
The choice of elements is of great importance when 
designing an FSS. Some structures are inherently narrowband 
or wideband. Different FSS types can be chosen based on the 
application requirements. These requirements usually include a 
level of dependence on the polarization and incidence angle of 
incoming waves and bandwidth. In general, FSS structures with 
a small element size, compared to the wavelength, will be in 
insensitive to incident angles [19]. In this paper, a new approach 
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3 
is proposed to implement FSS structures with miniaturized 
elements and high selectivity.  
The proposed FSS element is realized by using a resonant 
surface (the top side) and an inductive surface (the bottom side), 
as shown in Fig. 2. They are separated by a dielectric substrate 
with a thickness of d. The equivalent circuit of the proposed 
element is shown in Fig. 1(b).  As shown in Fig. 2(a), the top 
layer of the proposed FSS is a resonant surface consisting of an 
inductive mesh and four capacitive patches as introduced in [19, 
20]. The main physical features of the resonant surface in Fig. 
2(a) can be described by the circuit model of Fig. 1. The 
corresponding equivalent component values for the resonant 
surface can be approximated based on the circuit theory in [21]. 
In the equivalent circuit, C2 represents the capacitance between 
adjacent patches in one element, L1 is the inductance of the outer 
square ring and C1 is the mutual capacitance between adjacent 
elements. 
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Fig. 4.  The calculated (a) S11 and (b) S21 of the proposed FSS with the inductive 
layer of different inductances  L2. 
 
The values of lumped-element components in Fig. 1 are 
approximately C1=0.25, C2=0.27 pF, L1= 2.4 nH and L2 = 2.5 
nH. The calculated reflection and transmission coefficients of 
the equivalent circuit are shown in Fig. 3. It can be observed 
that the resonant surface has a passband at 5.7 GHz and 
stopband at 4.5 GHz. By adding the inductive layer, the 
inductance L2 is introduced into the equivalent circuit as shown 
in Fig. 1(b). The passband frequency is shifted to 3.46 GHz and 
the resonant frequency of the stopband remains unchanged as 
shown in Fig. 3. The corresponding relative bandwidth of the 
10-dB stopband at 4.5 GHz is widened from 18.5% to 31.2% 
while the passband bandwidth is significantly narrowed with 
the effect the inductance L2.  
In order to observe the influence of the inductance L2 on S-
parameters more clearly, the S-parameters for the equivalent 
circuit of the proposed FSS is calculated and illustrated as in 
Fig. 4 with different values of L2.  When the inductance L2 is 
increased from 2.5 nH to 50 nH, the resonant frequency is 
shifted form 3.46 GHz to 1.2 GHz. The relative bandwidth is 
widened from 0 to 60.4%. When the passband and the stopband 
frequencies are close to each other, the FSS will achieve good 
selectivity. 
The resonant surface, with the equivalent circuit shown in 
Fig. 1(a), has a bandpass response. This is determined by the 
equivalent circuit of L1 in parallel with C2. The impedance of 
the parallel circuit at frequency ω can be calculated by: 
𝑍𝑝 = 𝑗𝜔𝐿1/(1 − (
𝜔
𝜔0𝑃
)
2
)                            (3) 
where  
𝜔0𝑝 = 1/√𝐿1𝐶2                                          (4) 
is the resonant angular frequency of the parallel resonator. By 
connecting this LC parallel circuit with C1 in series, it can easily 
calculate that the circuit will have both a stopband and a 
passband. It has a passband because at around the resonant 
frequency 𝜔0𝑝 , the parallel LC circuit has an impedance of 
infinity. The total impedance of C1 in series with the LC circuit 
(L1//C2) is still close to infinity. Therefore the passband is 
maintained. At frequencies lower than the passband, the 
impedance of the parallel LC circuit, as can be calculated from 
(3), is inductive. This effective inductance in series with C1 will 
form a series resonator, which will realize a stopband. 
The proposed FSS can potentially be used as an AMC to 
improve the performance of antennas. This will be exploited in 
the future work. For such applications, the FSS will usually be 
attached to other material. For example, it can be used as RFID 
tags for IoT applications. If the FSS is attached to a dielectric 
material with a thickness of h2, represented by Zex as shown in 
Fig. 1(b), the response of the FSS will be affected. This extra 
layer can be considered as a transmission line in a similar way 
to Zd. The equivalent circuit model of the extra layer is 
composed of a series inductor (Lt) and a shunt capacitor (Ct), 
which can be obtained using the Telegrapher’s model for TEM 
transmission lines [22].  
In the proposed design, an inductive mesh layer, as shown in 
Fig. 2(b), is added on the other side of the substrate of Zd. Since 
the stopband of the resonant FSS is mainly determined by L1, 
C1 and C2 as shown in Fig. 1(a), the extra dielectric layer Zex 
and the inductive layer L2 have little effect on the stopband 
frequency. It is because the effective impedance of the three 
components L1, C1 and C2 is still close to zero at the stopband 
frequency, with or without L2 and Zex.  
This added inductive layer can improve the performance of 
the FSS on three aspects. Firstly, the added parallel inductance 
will significantly reduce the passband frequency of the FSS. 
This will effectively reduce the element size of the FSS 
element, making it insensitive to incident angles. In the original 
circuit as shown in Fig. 1(a), there is a passband because the 
circuit of L1, C1 and C2 has a high input impedance of infinity 
at the resonant frequency ω0p as defined in (4). By adding the 
inductive layer, with the influence of L2, the input impedance is 
no longer high. As indicated in (3), the parallel circuit of L1//C2 
is inductive at frequencies lower than frequency ω0p. This 
effective impedance combined with L2 and C1 will resonate at a 
lower frequency, which will produce a passband. The passband 
frequency is much lower than that of the original FSS. 
Effectively, the element size is reduced very significantly.  
Secondly, from the analysis above, it is obvious the stopband 
and the passband of the proposed FSS can be independently 
synthesized. The stopband is mainly determined of L1, C1 and 
C2. The passband can be tuned by changing the value of L2. The 
corresponding bandwidths can also be independently designed 
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by choosing the values of the four components properly. If the 
passband and the stopband are close to each other, the 
selectivity of the passband (or the stopband) can be significantly 
improved. Since both the transmitted wave and the reflected 
wave can be fed to the next stage, the FSS can potentially be 
used as a diplexer.  
Thirdly, the inductance of the inductive layer will have a 
much stronger effect on the input impedance of the FSS than 
the extra layer of Zex as shown in Fig. 1(b). Thus, the extra 
transmission line has very little effect on the passband 
frequency. Furthermore, the response of mesh layer itself, being 
inductive surface, is not significantly influenced by surrounding 
dielectric materials. As a result, the overall performance of the 
FSS will be very insensitive to nearby dielectric materials. This 
feature is very useful for antenna applications when the FSS is 
attached to other materials. 
To demonstrate the proposed design method, a prototype 
FSS was designed on a 1.6 mm thick FR4 substrate with a 
dielectric constant of 4.3. The geometry parameters after 
optimization are shown in Table I. 
TABLE I 
GEOMETRY PARAMETERS OF THE PROPOSED RESONANT 
SURFACE (unit:mm) 
Parameter Dx Dy h Wl Ws 
Value 6   6 1.6 0.2 0.2 
Parameter Wi Wp εr s b 
Value 0.2 2.3 4.3 0.1 0.2 
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Fig. 5.  The simulated S-parameters of (a) the original FSS without the inductive 
layer and (b) the proposed FSS with the inductive layer. 
 
  The S-parameters for the structure in the absence and presence 
of the inductive surface are simulated by CST. The results are 
illustrated in Fig. 5 (a) and (b), respectively. The passband 
frequency at 5.8 GHz of the original resonant surface is shifted 
own to 3.5 GHz when the inductive layer is added on the other 
side of the resonant surface. The corresponding bandwidth of 
the passband is changed as well, from 23.5% to 29.4%.  
The proposed FSS with 3×3 array elements is shown in Fig. 
6. To demonstrate the insensitivity of the proposed FSS to 
surrounding materials, the structure is simulated in four cases: 
the inductive layer is not attached to any dielectric material, 
attached to a 0.25 mm thick slab of Roger 3035 (RO3035) with 
ɛr = 3.5, Roger 3006 (RO3006) with ɛr = 6.15 and Roger 3210 
(RO3210) slab with ɛr = 10.2. The simulated transmission 
coefficients over the frequency range from 0 to 10 GHz for the 
proposed FSS in the four cases mentioned above are shown in 
Fig. 7. When the dielectric constant of the additional dielectric 
materials is increased from 1.0 (no extra dielectric material) to 
10.2 (RO3210), the four curves as illustrated in Fig. 7 are almost 
completely overlapping. This is because the change of the 
dielectric constant has little effect on the response of the 
proposed FSS. In order to observe the response more clearly, 
the transmission coefficient at the passband and the stopband 
are enlarged and embedded into Fig. 7. The stopband frequency 
is shifted from 4.5 GHz to 4.47 GHz when the dielectric 
constant of the attached material is increased from 1 to 10.2. 
The resonant frequency shift is less than 0.7%. The passband 
frequency changes no more than this. 
  
 
Fig. 6.  Proposed FSS with 3×3 array elements. 
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Fig. 7. Simulated transmission coefficients of the proposed structure when 
placed on 0.25 mm thick Roger slabs with dielectric constants  ɛr = 3.5,   6.15 
and  10.2, respectively.  The stopband and passband details are enlarged and 
embedded in the figure. 
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To further observe the effect of the inductive layer on the 
response of the FSS, the S-parameters with inductive strip 
widths of Wi = 0.03, 0.1, 0.2 and 1.0 mm are simulated and 
shown in Fig. 8. As the strip width increases, the relative 
bandwidth of the passband decreases significantly and the 
passband edges become steeper. This indicates that the 
selectivity of the FSS can be enhanced by choosing the value of 
L2. If any higher inductance value is desired, a thinner strip 
width or a meander line structure can be used. 
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Fig. 8. Simulated transmission coefficients of the proposed FSS with 
different inductive strip widths of Wi=0.03 mm, 0.1 mm, 0.2 mm and 1.0 mm. 
 
 
(a) 
 
 
(b) 
Fig. 9. A photograph of the fabricated prototype of the proposed FSS (a) the 
resonant surface and (b) the inductive surface. 
IV. EXPERIMENTAL RESULTS 
An FSS consisting of 30 × 30 elements is fabricated on a 180 
mm × 180 mm FR-4 substrate as shown in Fig. 9. Dimensions 
of the structure are summarized in Table I. The resonant surface 
(top side) is shown in Fig. 9(a), while the inductive surface 
(bottom side) is illustrated in Fig. 9(b). A vector network 
analyzer and two horn antennas are used for the measurement. 
The transmission coefficient between the two horn antennas 
was measured without the FSS, and then measured with the FSS 
between the antennas. Then, the measured transmission with 
the FSS is normalized with respect to the measured data without 
the FSS.  
The prototype FSS is tested when it is attached to a 0.25 mm 
thick slab of Roger 3035 substrate (εr = 3.5), Roger 3006 (εr = 
6.15) and Roger 3210 substrate (εr = 10.2).  The experimental 
setup in an anechoic chamber is shown in Fig. 10. To compare 
the measured and simulated S21 more clearly, the curves of the 
measured S11 is shifted down by 0.279 GHz and shown in Fig. 
11. It can be seen that the resonant frequency of the proposed 
FSS is very stable when the FSS is placed on different dielectric 
materials. The structure exhibits a passband at 3.5 GHz and a 
stopband at 4.5 GHz as designed.  
 
 Fig. 10.  Experimental setup in an anechoic chamber. 
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Fig. 11. Simulated and measured transmission coefficients of the proposed 
FSS when placed on a 0.25 mm thick dielectric slab with various dielectric 
constants (εr=3.5, 6.15, 10.2). 
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The FSS was also tested under various polarization angles, 
and the performance was also very stable (not shown here). The 
response of the FSS is the same for vertical and horizontal 
polarizations due to the symmetrical nature of the proposed 
element. 
 
V.  CONCLUSION AND FUTURE WORK 
In this paper, a study on the effect of an additional inductive 
surface on selectivity of frequency selective surfaces has been 
carried out. It has been demonstrated that, by combining a 
resonant surface and an inductive surface, the FSS can generate 
a passband and a stopband. The stopband performance is 
mainly determined by the resonant surface. The inductive layer 
can significantly lower the passband frequency, which 
effectively reduces the size of the FSS element. The passband 
response can be tuned by changing parameters of the inductive 
layer only. Thus the passband and the stopband can be 
independently synthesized. 
The selectivity of the FSS can be improved by controlling the 
passband and stopband frequency and bandwidth. Theoretical 
and experimental results show that the performance of the FSS 
has been significantly improved by adding the inductive layer. 
The proposed FSS can be useful for many potential 
applications, which will be exploited in future work. For 
example, the proposed FSS can be used as a diplexer to separate 
signals at different frequency bands, or as a artificial magnetic 
conductor for antenna applications, to enable them achieving 
consistent performance when attached to various materials with 
arbitrary thicknesses. 
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